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FOREWORD --- 

T h i s  r e p o r t  was prepared  under  NASA Contrac t  NGR 23-0511-003, which pro- 

vided i n s t i t u t i o n a l  suppor t  f o r  biosystems r e sea rch  conducted by t h e  Oakland 

Un ive r s i t y  School of Engineering,  and i s  one o f  f o u r  volumes r e p o r t i n g  r e -  

s e a r c h  conducted during t h e  pe r iod  March 15 ,  1969 t o  June 31, 1970. 

The f o u r  volumes o f  t h e  s e r i e s ,  t o g e t h e r  wi th  t h e i r  p r i n c i p a l  au tho r s  

a r e  l i s t e d  below: 

Volume I A Dynamic Model o f  t h e  Human P o s t u r a l  Cont ro l  System ( J . C .  

H i l l ) .  

Volume I1 An I n v e s t i g a t i o n  of  Two Hybrid Computer I d e n t i f i c a t i o n  

Techniques f o r  Use i n  Manual Cont ro l  Research (G.A.  Jackson) .  

Volume I11 P a t t e r n  Recognition of B i o l o g i c a l  Photomicrographs Using 

Coherent Op t i ca l  Techniques (R.E.  Haskel l ) .  

Volume I V  Augmentation o f  t h e  Focus Cont ro l  System of t h e  Human Eye 

through Index o f  Re f rac t ion  Var i a t ion  of Liquid C r y s t a l  

Ma te r i a l s  (R. H. Edgerton).  

P ro fe s so r s  J . C .  H i l l  and J.E. Gibson, Dean o f  t h e  School of  Engineering,  

were pr inc i -pa l  i n v e s t i g a t o r s  on t h e  con t r ac t .  



ABSTRACT 

Research on the  f e a s i b i l i t y  of developing a focus con t ro l  device 

u t i l i z i n g  nematic l i q u i d  c r y t a l s  i s  presented.  Application t o  the  develop- 

ment of  a replacement f o r  b i f o c a l  l enses  is discussed.  Experimental r e -  

s u l t s  obtained by applying a simple shea r  t o  nematic l i q u i d  c r y s t a l s  demon- 

s t r a t e d  t h a t  approximately a 5% change i n  index of  r e f r a c t i o n  is r e a l i z a b l e .  

A Theore t i ca l  model t o  p r e d i c t  changes i n  t h e  index of r e f r a c t i o n  assuming 

t h e  c r y s t a l s  behave as  e l l i p s o i d s  when i n  a shea r  f i e l d  i s  developed. This  

model is  used i n  t h e  geometrical  design o f  t h e  shea r  element. 
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Auymentat ion of  t h e  Focus C o n t r o l  System of t h e  Human Eye th rough  

Index  of  R e f r a c t i o n  V a r i a t i o n  o f  L i q u i d  C r y s t a l s  M a t e r i a l s  

by 

Rober t  H.  Edger ton  

I n t r o d u c t i o n  

The a b i l i t y  o f  p e o p l e  t o  pe r fo rm everyday f u n c t i o n s  i s  

o f t e n . i r n p a i r e d  by t h e  b i o l o g i c a l  l i m i t a t i o n s  o f  a g e i n g .  The 

p r e s e n t  pace  o f  modern s o c i e t y  r e q u i r e s  t h e  u s e  o f  p ros the t5 -c  

d e v i c e s .  Pe rhaps  t h e  most common d e v i c e  i s  t h e  o r d i n a r y  spec-  

t a c l e .  The u s e  o f  s p e c t a c l e s  i s  n o t  l i m i t e d  t o  d i s e a s e d  o r  

g e n e t i c a l l y  d e f i c i e n t  peop le .  T h e i r  u s e  i s  r e q u i r e d  i n  t h e  

p r e s e n t  s o c i e t y  d u e  t o  t h e  e f f e c t s  o f  a g e i n g  on t h e  e y e s .  T h i s  

r e p o r t  d i s c u s s e s  t h e  a g e i n g  e f f e c t  on t h e  f o c u s i n g  a b i l i t y  o f  

t h e  eye  and a t t e m p t s  t o  p roduce  a new p r o s t h e t i c  means f o r  a s -  

s i s t i n g  i n  t h i s  f u n c t i o n .  F i g u r e  1 shows t h e  f u n c t i o n  o f  a g e  

on  t h e  a b i l i t y  o f  t h e  l e n s  t o  f o c u s .  (') The s c a l e  i s  n o t e d  a s  

accomodation i n  d i o p t e r s .  Accomodation r e p r e s e n t s  t h e  change 

i n  f o c u s  measured i n  d . iop te r s  ( o r  r e c i p r o c a l  f o c a l  l e n g t h  i n  

m e t e r s ) .  T h i s  a g e i n g  e f f e c t s  eve ryone  and l i m i t s  t h e i r  a b i l i t y  

t o  pe r fo rm a d e q u a t e l y  such  t a s k s  a s  au tomobi le  d r i v i n g ,  o p e r a -  

t i n g  machinery w h i l e  r e a d i n g  i n s t r u c t i o n s ,  o r  c o n t i n u i n g  t o  

maints . in  a b i l i t y  i n  s p o r t s  s u c h  a s  b a s e b a l l  o r  t e n n i s .  

I n  o p e r a t i n g  t r a n s p o r t a t i o n  v e h i c l e s ,  whether  o f  a u t o s  

o r  a i r p l a n e s ,  t h e  human d r i v e r  i s  ( o r  s h o u l d )  c o n t i n u a l l y  f o c u s  

o n  t h e  o u t s i d e  d i s t a n t  o b j e c t s ,  and a l s o  on t h e  i n s t r u m e n t s  



a t  c l o s e  r a n g e ,  The change of focus tasks i n v o l v e s  f a c t o r s  

o t h e r  t han  t o t a l  accomodation, however a s  f o r  example, f a t i q u e  

can l e a d  one t o  unconsciously  avoid t h e  o b s e r v a t i o n  u s u a l l y  

of  t h e  near  o b j e c t s  s i n c e  t h e  eye i s  r e l a x e d  when focused a t  

i n £  i n i t y  . 
This r e p o r t  d e a l s  w i t h  an a t tempt  t o  examine a  means f o r  

augmenting t h e  focus  requirements  of  t h e  eye by vary ing  t h e  

index of r e f r a c t i o n  o f  an o p t i c a l  system. I n  p a r t i c u l a r  

l i q u i d  c r y s t a l  m a t e r i a l s  have been examined exper imenta l ly  

and a  t h e o r e t i c a l  model of  t h e i r  behavior  desc r ibed  here .  

Human Focus Cont ro l  Requirevents  

The requi rements  f o r  an augmented focus  c o n t r o l  system 

f o r  s p e c t a c l e  wearers  w i l l  be  d i scus sed  i n  t h i s  s e c t i o n .  This 

w i l l  p rov ide  rough e s t i m a t e s  on t h e  f e a s i b i l i t y  of u t i l i z i n g  

l i q u i d  c r y s t a l s  m a t e r i a l s  f o r  t h i s  a p p l i c a t i o n .  

C l a s s i c a l  l e n s  o p t i c s  r e l a t e  t h e  f o c a l  power of a  l e n s  

t o  t h e  index  of r e f r a c t i o n  and r ad ius  of c u r v a t u r e  of  t h e  l e n s  

element.  

f  i s  t h e  f o c a l  l e n g t h  o f  t h e  l e n s ;  n  t h e  index  of r e f r a c t i o n  

( r e l a t i v e  t o  a i r  i n  t h i s  ca se )  and rl and r 2  a r e  t h e  r a d i i  of 

c u r v a t u r e  o f  t h e  l e n s  surface, To p r o v i d e  c o n t r o l  of t h e  fo- 

cal Length or focus then r e q u i r e s  either chanqjng t h e  r a d i i  



of c u r v a t u r e  o r  t h e  index of r e f r a c t i o n  of t h e  Pens m a t e r i a l -  

The l a t t e r  method i s  proposed i n  t h i s  research s i n c e  it would 

no t  b e  l i m i t e d  i n  t ime  of response  by mechanical motion of 

t h e  l e n s  i t s e l f ,  a s  would r a d i u s  of c u r v a t u r e  change t e c h n i -  

ques.  

The r e l a t i o n  of  t h e  index of r e f r a c t i o n  t o  t h e  d i e l e c t r i c  

c o n s t a n t  and t h e  pe rmeab i l i t y  i n  t h e  med.ia i s  known t o  be  

r e l a t e d  th rough  Maxwell's e q u a t i o n s  a s :  

I f  t h e  media i s  nonmagnetic t h e  pe rmeab i l i t y  p = po l  and 

n = (kl where k i s  t h e  d i e l e c t r i c  c o n s t a n t  of one media. 

L iqu id  C r y s t a l s  

Liquid c r y s t a l s  have been developed and experimented w i t h  

f o r  many y e a r s .  ( 3 )  The a p p l i c a t i o n s  have been Limited up t o  

t h e  p r e s e n t  w i t h  t h e  n o t a b l e  excep t ion  of 1) tempera ture  s e n s i -  

t i v e  d e t e c t o r s  ( 4 t 5 t  6 ,  2 )  a  "dynamic s c a t t e r i n g  mode" d i s p l a y  

e f f e c t  (7  * )  and 3 )  aerodynamic s h e a r  f i e l d  v i s u a l i z a t i o n .  (9 l 

The f i r s t  a r e  now w e l l  known senso r s  which e x h i b i t  c o l o r  changes 

w i t h  temperature .  The "dynamic s c a t t e r i n g  mode" m a t e r i a l s  a r e  

p r e s e n t l y  scheduled f o r  p roduc t ion  of d. isplays i n  d i g i t a l  

mete rs  t o  r e p l a c e  " n i x i e "  t ubes .  

Much r e s e a r c h  has  a l s o  been d i r e c t e d  toward t h e  develop- 

ment of new l i q u i d  c r y s t a l s  m a t e r i a l s .  Notable a r e  t h e  de- 

ve lopnents  o f  wide t empera ture  range c h l o e s t c r i c  mate r ia l s ,  



nematic ( shea r  s e n s i t i v e )  m a t e r i a l s  which a r e  r e spons ive  a t  

room tempera ture ,  (lo' and tunab le  d i f f r a c t i o n  m a t e r i a l s .  (11) 

The main t h r u s t  of  t h i s  work i s  d i r e c t e d  a t  a p p l i c a t i o n s  of  

nematic m a t e r i a l s  t o  dev ices  f o r  index of r e f r a c t i o n  c o n t r o l .  

Liquid c r y s t a l s  a r e  c l a s s i f i e d  a s  nematic,  s ema t i c  o r  

c h l o r e s t e r i c ,  depending upon molecular  s t r u c t u r e  i n  an undis-  

t u rbed  cond i t i on .  C h l o r e s t e r i c  l i q u i d  c r y s t a l s  a r e  f i e l d  

i n t e n s i t y  d e t e c t o r s  i n  t h e  same ca tegory  a s  photographic  f i l m s ,  

and as such can be  used f o r  t h e  mapping of  f i e l d s  o f  energy i n  

which a  f i l m  i s  used t o  abso rb  energy i n  t h e  form of h e a t .  

Nematic l i q u i d  c r y s t a l s ,  however, a r e  v e c t o r  f i e l d  s e n s i t i v e .  

The i r  p h y s i c a l  changes a r e  a  f u n c t i o n  o f  t h e  d i r e c t i o n  o f  t h e  

a p p l i e d  f i e l d .  A s  an example, i f  an e l e c t r i c  f i e l d  i s  pre -  

s e n t  i t  w i l l  t end  t o  a l i g n  molecules i n  t h e  d i r e c t i o n  of 

t h e  f i e l d .  The d e t e c t i o n  of t h e  change w i l l  t hen  de te rmine  

t h e  d i r e c t i o n  of  t.he f i e l d  ra - ther  t han  i t s  i n t e n s i t y .  There 

i s ,  o f  cou r se ,  a l s o  an i n t e n s i t y  e f f e c t  s i n c e  a s  t h e  i n t e n -  

s i t y  i n c r e a s e s ;  t h e  al ignment (which i s  opposed by Brownian 

method) a l s o  i n c r e a s e s .  S i m i l a r  e f f e c t s  can b e  produced. by 

a  magnetic f i e l d .  A v e c t o r  s h e a r  f i e l d  a?..so can produce t h i s  

e f f e c t  i n  nematic l iquid .  c r y s t a l s .  A s  a  s h e a r  d e t e c t o r ,  it 

might be  u t i l i z e d  t o  observe  a c c o u s t i c  wave f i e l d s ,  o r  a s  

a  l i g h t  modulation dev ice  w i t h  f a s t  response  c h a r a c t e r i s t i c s .  

A s  an element i n  which t h e  index of r e f r a c t i o n  can be changed 

r a p i d l y ;  nematic c r y s t a l s  thus  r e p r e s e n t  a  p o s s i b l e  means 

fo r  focus  c o n t r o l  in zoom l e n s  a p p l i c a t i o n s ,  and as r ep l ace -  



5 

ments f o r  b i o f o c a l  s p e c t a c l e s ,  Pre l iminary  d a t a  of O F  o t h e r s ,  

p a r t i c u l a r l y  ca r rL ,  show the  d i e l e c t r i c  c o n s t a n t  (measured 

e l e c t r i c a l l y )  of t h i n  f i l m s  of  l i q u i d  c r y s t a l s  can b e  

a l t e r e d  by approximately 1 2 %  w i t h  a magnetic f i e l d s .  I f  t h e  

o p t i c a l  index  changes as w e l l ,  t h i s  would p r e d i c t  a  change i n  

t h e  index  of  r e f r a c t i o n  of  

o r  7 %  would be  p o s s i b l e  w i t h  l i q u i d  c r y s t a l s  m a t e r i a l s .  NOTE: 

The s u b s c r i p t  F r e f e r s  t o  t h e  p r o p e r t y  w i th  a  f i e l d  a p p l i e d  

and t h e  s u b s c r i p t  o  r e f e r s  t o  t h e  p rope r ty  of t h e  und i s tu rbed  

m a t e r i a l .  

The requi rements  of  a  focus  system a r e  u s u a l l y  r e p r e s e n t e d  

i n  d i o p t e r  u n i t s .  The d i o p t e r  be ing  de f ined  a s  t h e  r e c i p r o c a l  

1 of  t h e  f o c a l  l e n g t h  i n  meters  ( e .  D E - f ) Using t h e  

equa t ions  (1) and ( 3 )  , t hen  t h e  r a t i o  of t h e  f o c a l  power 

w i thou t  t h e  f i e l d  t o  t h a t  w i t h  a  f i e l d  a p p l i e d  i s  approxi-  

mately  



I f  t h e  f o c a l  power of a  p r o s t h e t i c  l e n s  were s e t  a t  20  di- 

o p t e r s  then 

and a  change of 24-2OS4 d i o p t e r s  would be  p o s s i b l e .  From 

F i g .  1 t h e  p h y s i o l o g i c a l  accommodation as a  f u n c t i o n  o f  age  

f o r  people  goes from 16 t o  1 d i o p t e r s .  I f  a  change o f  4 

i s  p o s s i b l e ,  t h i s  would extend t h e  accommodation of  a  68- 

yea r  o l d  t o  t h e  e q u i v a l e n t  of an average 36-year o l d .  

This  demonstra tes  t h a t  t h e  p o s s i b i l i t y  e x i s t s  t h a t  l i q u i d  

c r y s t a l  m a t e r i a l s  could b e  used as an augmentation dev ice .  

' The experimenta.1 s e c t i o n  of  t h i s  r e p o r t  demonstra tes  t h a t  

a 5% change i n  o p t i c a l  index of r e f r a c t i o n  i s  p o s s i b l e  

w i t h  a  s h e a r  f i e l d .  

Important  i n  an augmentation dev ice  d i scussed  b e f o r e  

i s  t h e  response  t ime.  With shea r  induced e f f e c t s  20 m i l l i -  

second response  t imes appear reasonably which would be  over  

20 t imes  f a s t e r  t han  human focus  response.  ( 4 0 0  m i l l i s e -  

conds ) .  

Before a t t empt ing  t o  show t h e  exper imenta l  r e s u l t s ,  a  

f u r t h e r  exp lana t ion  of l i q u i d  c r y s t a l s  t h e i r  p r o p e r t i e s ,  and 

s e n s i t i v i t i e s  w i l l  b e  developed.  I t  i s  hoped t h i s  w i l l  make 

c l e a r  t h e  r o l e  and ad-vantages of l i q u i d  c r y s t a l s  i n  t h i s  

a p p l i c a t i o n .  



The i n f l u e n c e  of shear  motion on t h e  index of r e f r a c t i o n  

and on t h e  l i g h t  s c a t t e r i n g  p r o p e r t i e s  of nematic m a t e r i a l s  a r e  

desc r ibed  i n  t h e  exper imental  s e c t i o n  which fo l lows .  Shear  motion 

a s  a  mechanism was a t tempted f o r  two s p e c i f i c  reasons .  

1) Shear  motion e f f e c t s  need t o  be  understood f o r  

p r e d i c t i n g  and c o n t r o l l i n g  o t h e r  e f f e c t s  s i n c e  they  a l l  

i nvo lve  t h e  motion of a  f l u id  media. 

2 )  D i r e c t  shea r  r a t h e r  t han  i n d i r e c t  motion through a 

f i e l d  e f f e c t  was hypothesized a s  having f a s t e r  response  

c h a r a c t e r i s t i c s .  

EXPERIMENTAL WORK ON SHEARED L I Q U I D  CRYSTALS 

Desc r ip t ion  of  Experimental Apparatus 

The two t e s t  c e l l s  shown i n  F ig .  2 and 3 were cons t ruc t ed  

f o r  u se  i n  exper imental  s tudy  of  t h e  o p t i c a l  behavior  of  nematic 

l i q u i d  c r y s t a l  m a t e r i a l s  i n  s h e a r  f i e l d s .  The f i r s t  c e l l  (F ig .  

2 )  shows t i n  ox ide  coa ted  g l a s s  p l a t e  which i s  e l e c t r i c a l l y  

hea ted  t o  p rov ide  t h e  tempera ture  c o n t r o l  t o  main ta in  t h e  li- 

quid  c r y s t a l  i n  t h e  nematic meso-phase. On t o p  o f  t h i s  i s  a 

pyrex g l a s s  p l a t e  which i s  a t t a c h e d  t o  t h e  c o r e  of a r a d i o  

loudspeaker .  The pyrex p l a t e  i s  d r iven  i n  motion p a r a l l e l  

t o  t h e  bottom p l a t e .  A t h i n  f i l m  of l i q u i d  c r y s t a l  i s  p l aced  

between. t h e  p l a t e s  w i th  t h e  f i l m  th ickness  maintained by  mylar 

spac ing  s t r i p s .  The second c e l l  (F ig .  3 )  c o n s i s t s  of two 

e l e c t r i c a l l y  heated g l a s s  p l a t e s  i n  a sandwich c o n f i g u r a t i o n  

wi th  t h e  space  between f i l l e d  w i th  l i q u i d  c r y s t a l .  Wi th  t h e  



plates i n  a vertical po:?iticn the quartz shear ele-in.ei-t i s  

d r i v e n  mechanically w i t h  a  l ead  z i r c o n a t e  p i e z o e l e c t r i c  element 

i n  an o s c i l l a t o r  c i r c u i t .  

Observat ion of o p t i c a l  e f f e c t s  i s  made wi th  a  s p e c t r a  

phys ics  (Model 132) l a s e r  o r  a  tungs ten  f i l amen t  lamp. A 

photo d e t e c t o r  element a l s o  shown (Fig .  2) i s  used f o r  

q u a n t a t i v e  e v a l u a t i o n .  

Experimental R e s u l t s  -- 

Four nematic l i q u i d  c r y s t a l s  l i s t e d  below have been t e s t e d  

us ing  t h e  v i b r a i t n g  s h e a r  appara tus  of F ig .  2 .  

1. p-azoxyanisole (116OC) 

2.  APAPA ( a n i s y l i d e n e  para-aminophenylacetate) (83OC). 

3. BPEOC (Butyl  p  (p-Ethoxyphenoxycarbonyl) Carbonate)  (55°C).  

4 .  Liquid C r y s t a l  I n d u s t r i e s - p r o p r i e t a r y  room tempera ture  

nematic l i q u i d  c r y s t a l s  (22°C). 

Note should be made a t  t h i s  p o i n t  on t h e  tempera ture  re -  

qu i r ed  f o r  t h e  nematic s t a t e  a s  t h i s  w i l l  be impor tan t  i n  o p t i -  

cal  p ros theses .  A gene ra l  comment concerning t h e  o p t i c a l  pro- 

p e r t i e s  of t h e s e  m a t e i r a l s  i s  a l s o  inc luded  here .  

The f i r s t  m a t e r i a l ,  p-azoxyanisole,  i s  t h e  most thmroughly 

s t u d i e d  l i q u i d  c r y s t a l  m a t e r i a l  a v a i l a b l e .  i3' I t  has a  yellow 

green  c o l o r  i n  t h e  nematic s t a t e  (above 1 1 6 O C ) .  AFAPA i s  a  

wh i t e  c y r s t a l  which i n  t h e  nematic s t a t e  i s  c l e a r  (above 83°C).  

BPEOC i s  a l s o  a white crystal which in the nematic state is 

clear but at a lower temperature (55'C), The proprietary 



l i q u i d  c r y s t a l  i s  yellow-green a t  room temperature  and q u i t e  

opaque except  i n  a  very t h i n  f i l m ,  This m a t e r i a l  js much 

more v i scous  t h a n  t h e  o t h e r  m a t e r i a l s  and i s  t h u s  e a s i e r  t o  

handle  and c o n t a i n .  D i f f i c u l t y  was encountered i n  t h e  u s e  o f  

a l l  t h e  above room temperature  m a t e r i a l s  . i n  t h e i r  containment 

i n  an  open v i b r a t i o n  con f igu ra t ion .  The i r  h igh  c a p i l l a r i t y  

and low v i s c o s i t y  cause  them t o  "c reep  away" through spac ing  

a r e a s .  

-1 With t h e  s h e a r  p l a t e ,  s h e a r  r a t e s  from 0.02 s e c  t o  

2000 sec- I  were produced and t h e  o p t i c a l  behavior  of t h e s e  

fou r  m a t e r i a l s  observed.  Index of r e f r a c t i o n  changes a r e  ob- 

s e r v a b l e  i n  t h e s e  m a t e r i a l s  a t  bo th  h i g h  and low f r equenc ie s  

of s h e a r .  I n  t h e  i n t e r m e d i a t e  s h e a r  r eg ion  between approxi-  

mately 1 cps  and 400 cps  s c a t t e r i n g  of l i g h t  by t h e  r o t a t i o n a l  

motion of t h e  p a r t i c l e s  i s  p r e s e n t .  This s c a t t e r i n g ,  s i m i l a r  

t o  t h a t  observed by o t h e r s  ( 7 r  8 f  lo' w i t h  an e l e c t r i c a l  f i e l d ,  

has been s t u d i e d  i n  t h i s  phase t o  h e l p  d e l i n e a t e  t h e  l i m i t s  

of  ind.ex of r e f r a c t i o n  change and a l s o  t o  examine p o s s i b l e  

a p p l i c a t i o n s  of t h e  shear  s c a t t e r i n g  e f f e c t .  (For example, 

t h e s e  might i n c l u d e  p re s su re  f i e l d  d e t e c t o r s  o r  o p t i c a l  de- 

modula tors ) .  This  e f f e c t  i s  d e t r i m e n t a l  t o  t h e  o p t i c a l  t r a n s -  

parency of t h e s e  m a t e r i a l s  and causes  t h e  m a t e r i a l  t o  appear  

opaque and c loudy ,  A t  t h e  low f r equenc ie s  index of r e f r a c -  

t i o n  changes of approximately 5% a r e  o b t a i n a b l e  wi th  sma l l  

shear d i  s p l  acement of the 91 a s s  p l a t e s ,  The directional 

changes have no t  a s  y e t  been p u t  i n  q u a n t a t i v e  terms.  It 



appears t h a t  at law frequencies t h i s  will require a c c u r a t e  posi -  

t i v e  displacement  measurements. (Small d isplacements  were not  

measurable w i t h  t h e  p r e s e n t  a p p a r a t u s ) .  

The o r i e n t a t i o n  of molecules p a r a l l e l  t o  t h e  p l a t e  

s u r f a c e s  (which a r e  u s u a l l y  ob ta ined  by i n i t i a l . 1 ~  rubbing bo th  

s u r f a c e s  wi th  c l o t h  o r  paper  i n  one d i r e c t i o n  (I2) ) were produced 

i n  t h e s e  experiments by mechanical s h e a r  motion of t h e  p l a t e s  

f o r  about  30 minutes followed by r e c r y s t a l l i z a t i o n .  With t h e  

room temperature  s e n s i t i v e  m a t e r i a l  t h e  o r i e n t a t i o n  was ob ta ined  

by cont inuous shea r  f o r  about  9 0  pi-nutes wi thout  r e c r y s t a l l i z a -  

t i o n .  I t  i s  expected t h a t  longer  t i m e  of s h e a r  w i t h  t h e  o t h e r  

m a t e r i a l s  w i l l  a l s o  produce t h i s  al ignment wi thout  r e c r y s t a l l i -  

z a t i on .  This mechanical  a l ignment  w i thou t  p r i o r  s u r f a c e  pre-  

p a r a t i o n  can t h e r e f o r e  be  used t o  r e s t o r e  t h e  al ignment i f  t h e  

e l e c t r i c a l  a l i g n x e n t  f o r c e s  a r e  d i s t u r b e d .  

Above 4 0 0  cps  t h e  s c a t t e r i n g  i s  app rec i ab ly  decreased  i n  

a l l  m a t e r i a l s  s t u d i e d .  The index of r e f r a c t i o n  v a r i a t i o n  w i t h  

frequency could no t  be  observed above t h i s  frequency.  This 

could be  due t o  s e v e r a l  f a c t o r s :  

1). The ampli tude of o s c i l l a t i o n  i s  s e v e r e l y  reduced a t  

t h e s e  f r equenc ie s  because of power l i m i t a t i o n s  of 

t h e  d r i v i n g  mechanism. (The s c a t t e r i n g  l i m i t s  a r e  

i n  p a r t  a func t ion  of t h e  shea r  and displacement  a s  

w e l l  a s  f requency)  . 
2 ) .  The thickness of the film may r e s t r i c t  t h e  movement 

of molecules a t  h i g h  frequencies, (This w i l l  be 



examined f u r t h e r  w i t h  a d i r e c t  d isplacement  measure- 

men t ) .  The index of r e f r a c t i o n  a t  t h e  h igh  f requen-  

c i e s  a l s o  appears  t o  be  s l i g h t l y  h igher  than  t h e  a l i g n e d  

index  which could be  due t o  e i t h e r  r o t a t i o n a l  o r  v i -  

b r a t o r y  c r y s t a l  motion. 

The s c a t t e r i n g  phenomena (which shows t h e  same s c a t t e r i n g  

as t h e  dynamic s c a t t e r i n g  produced by an e l e c t r i c  f i e l d )  pro- 

duced by t h e  s h e a r  motion i s  shown i n  t h e  photograph (F igu re  

4 ) ,  as compared w i t h  t h e  l i q u i d  c r y s t a l  a t  r e s t  and a l i g n e d  

(F igure  5 ) .  I t  was found t h a t  mechanical  shea r  could be  used 

t o  produce more r a p i d  s c a t t e r i n g  ( . 4  m i l l i s e c  w i th  BPEOC) 

t h a n  t h a t  r e p o r t e d  f o r  e l e c t r i c  f i e l d  s c a t t e r i n g ( 7 )  . F i g u r e  

6 shows t h i s  r a p i d  change from t r a n s p a r e n t  t o  s c a t t e r e d  l i g h t  

i n  terms of t h e  i n t e n s i t y  of t r a n s m i t t e d  l a s e r  l i g h t .  The t ime  

f o r  a  change from s c a t t e r e d  t o  t r a n s m i t t e d  l i g h t  w i t h  a  s t e p  

change i n  f requency from 1 0 0  cps .  t o  1009 cps .  (shown i n  F ig .  7 )  

i s  approximately 20  mi l leseconds .  This  may be  an impor tan t  

means f o r  modulation of t h e  i n t e n s i t y  i n  l i g h t  c o n t r o l  d-evices.  

A l l  t e s t s  were performed w i t h  a  f i l m  th i ckness  of 2 5  4. 1 
Larger t h i c k n e s s  should permi t  h ighe r  shea r  r a t e  w i th  less s c a t -  

t e r i n g  e f f e c t s .  This  i s  p r e s e n t l y  be ing  a t tempted .  

The s h e a r  s t r i p  element has s o  f a r  no t  y i e l d e d  any appa ren t  

index of r e f r a c t i o n  o r  s c a t t e r i n g  changes.  The reasons  a r e  

no t  c l e a r  and rc-iodifications noted below a r e  t o  be  a t t empted ,  

A &hi  cker and wider sandwich which con ta ins  t h e  liquid c r y s t a l  

i s  t o  be  t e s t e d .  This w i l l  pe rmi t  a  longer  l i g h t  path f o r  index  

of r e f r a c t i o n  obse rva t ion  and more enerqy tra-nsmj ssion t o  t h e  



13 
Liquid c r y s t a l .  One of t h e  difficulties is t h e  Pack of a 

method of obse rva t ion  of t h e  shea r  wave which i s  being produced 

by t h e  element ( i n  e f f e c t  t h e  l i q u i d  c r y s t a l  e f f e c t  i s  proposed 

t o  do t h i s  i n  t h i s  r e s e a r c h ) .  

The parameters  examined t o  d a t e  a r e  summarized i n  Table  1. 

Both BPEOC and APAPA appear  promiss ing a s  p o s s i b l e  m a t e r i a l s  

f o r  o p t i c a l  c o n t r o l  w i t h  advantages over  t h e  o t h e r  two m a t e r i a l s  

examined. This i s  based on t h e  cons id-e ra t ions  of  t empera ture  

c o n t r o l ,  v i s c o s i t y  and c a p i l l a r i t y  a s  w e l l  a s  t h e  d a t a  i n  

Table  1. The nurnbers i n  t h i s  t a b l e  a r e  p re l imina ry  a t  t h i s  

s t a g e  and f u r t h e r  exper imenta t ion  i s  needed t o  q u a n t i f y  t h e  

l i m i t s  of  t h e  e f f e c t s  such a s  t h e  i n f l u e n c e  of f i l m  t h i c k n e s s  

and ampli tude of  o s c i l l a t i o n ,  This w i l l  r e q u i r e  t h e  c o n s t r u c t i o n  

of  a n  a c c u r a t e  r e f r a c t o m e t e r  and a  displacement  measurement 

system. 

I n  a d d i t i o n  t o  t h i s  exper imental  work a  t h e o r e t i c a l  model 

f o r  u se  i n  p r e d i c t i n g  t h e  behavior  of t h e s e  m a t e r i a l s  i n  a  

s imple  s h e a r  f i e l d  has  been a t tempted.  This model i s  pre-  

s e n t e d  i n  t h e  fo l lowing  s e c t i o n .  The model t o g e t h e r  w i t h  t h e  

exper imental  evidence s o  f a r  obtained. a r e  t o  be  used t o  develop 

and improve t h e  des ign  of  t h e  index of r e f r a c t i o n  c o n t r o l  sys-  

t e m .  



TABLE 1 

O p t i c a l  P r o p e r t i e s  of  Nematic M a t e r i a l s  i n  Mechanical Shear .  

Lower S c a t t e r i n g  Upper S c a t t e r i n g  Temp. Index of 
Limi t  i n  Shear L i m i t  Frequency reqd . Refrac .  

Change 

BPEOC 500 sec- I  

APAPA 

400 cps  

300 cps 

450 cps 

475 cps 



Fu tu re  e x ~ e r i n l e n t a i  work r equ i r ed :  -- -- - -- .- - - 

The immediate s t e p s  which appear necessary b e f o r e  provis:g 

t h e  f e a s i b i l i t y  of t h e s e  m a t e r i a l s  a s  focus  c o n t r o l  d e v i c e s  a r e  

o u t l i n e d  below. 

1. To provide  b e t t e r  q u a n t a t i v e  d a t a ,  a  measurement of 

t h e  displacement  of t h e  s h e a r  p l a t e  i s  r e q u i r e d .  It 

i s  proposed t o  use  a  smal l  r eed  s t r a i n  gage element 

t o  determine t h i s  d isplacement  and hence t h e  s h e a r  

a t  h igher  f r equenc ie s .  

2, Index of r e f r a c t i o n  v a r i a t i o n  measurements i n  t h r e e  

p r i n c i p l e  d i r e c t i o n s  need t o  be made. This  can  be  

done by va ry ing  t h e  l a s e r  heam d i r e c t i o n  and r eco rd -  

i n g  t h e  displacement  a s  a  f u n c t i o n  of  anqu la r  pos i -  

t i o n .  

3 .  Cons t ruc t ion  of  a  s p e c i a l  r e f r ac tome te r  f o r  b e t t e r  

index  of r e f r a c t i o n  measurements. Good q u a n t a t i v e  

measurements w i l l  r e q u i r e  cons ide rab le  work and ex- 

per ience .  

4 .  Cons t ruc t ion  of  a  r o t a t i n g  element s h e a r  dev ice  t o  pro- 

duce cont inuous s t eady  shea r  over  longer  t imes t h a n  

a v a i l a b l e  w i t h  a  v i b r a t i n g  p l a t e  i s  a l s o  needed. 

5. Tes t ing  of o t h e r  and new room temperature  nematic 

c r y s t a l s  a s  t hey  become a v a i l a b l e  ( f o r  example p- 

[ N -  (p-!lethoxybenzyli clene) amino] -n-butybenzene. ( 1 0 )  I 

6 ,  Fu r the r  development of  the theory of t h e  s h e a r  e f f e c t  

on index of r e f r a c t i o n  change and j t s  comparison with 

experiments i nc lud ing  i n c o r p o r a t i o n  of models o f  



 elfr rich"^', on t h e  dynamic s c a t t e r i n g  e f f e c t s .  

T h e o r e t i c a l  Analvs i s  

The problem being a t t a c k e d  r e q u i r e s  a  means t o  r a p i d l y  

change t h e  index  of r e f r a c t i o n  of  m a t e r i a l s .  The o r i e n t a t i o n  

o f  long molecules  of  nematic l iquid.  c r y s t a l s  by e l e c t r i c a l ,  

magnetic and a c t i v e  s u r f a c e s  as w e l l  a s  shea r  p o s s i b l e  means 

f o r  e f f e c t i n g  t h i s  change. Su r f ace  o r i e n t a t i o n  can be ach- 

i eved  w i t h  nematic l i q u i d s  by rubbing a  g l a s s  s u r f a c e  w i th  

a  c l o t h  i n  one d i r e c t i o n  ( t h e  d i r e c t i o n  of o r i e n t a t i o n  de- 

s i r e d ) ;  t hen  a l t e r e d  by one of  t h e  f i e l d  e f f e c t s  noted.  

A l t e r n a t i v e l y  s t a r t i n g  from a  random d i s p e r s i o n  t h e  f i e l d s  

can be used f o r  al ignment.  The concern i n  t h e  p r e s e n t  re- 

s e a r c h  f o r  u s ing  s h e a r  induced index  of r e f r a c t i o n  changes 

r a t h e r  t han  e l e c t r i c a l  o r  magnetic i s  t h a t  t h e  p o s s i b i l i t y  

e x i s t s  f o r  p a r t i a l  o r  cont inuous c o n t r o l  of t h e  index of 

r e f r a c t i o n .  A t h e o r e t i c a l  unders tanding  of  t h e  s h e a r  e f f e c t  

w i l l  h e l p  i n  t h e  des ign  of a  means of  c o n t r o l  of  molecular  

o r i e n t a t i o n .  

The index  of r e f r a c t i o n  v a r i a t i o n  i n  a  s h e a r  f low i s  

analyzed i n  t h i s  s e c t i o n  by u t i l i z i n g  t h e  r e l a t i o n  between 

index of  r e f r a c t i o n  and d i e l e c t r i c  c o n s t a n t  

where n  i s  t h e  index of r e f r a c t i o n ,  K t h e  d . i e l e c t r i c  c o n s t a n t  

and p / l ~ ~  t h e  r e l a t i v e  magnetic pe rmeab i l i t y .  I n  t h i s  a n a l y s i s  

t h e  r e l a t i v e  pe rmeab i l i t y  w i l l  be assumed f i x e d  ancl tile d i e l e c -  

t r i c  c o n s t a n t  e f f e c t  examined. 



In order to analyze this index of refraction change 

p o s s i b l e  i n  nematic m a t e r i a l s ,  an  ana ly t i - ca l  model of a liquid 

c r y s t a l  a s  cons i . s t ing  long symmetrical  e l l i p s o i d s  approximat ing 

long molecules  i s  assumed.. The hydrodynamic e f f e c t  of  a  s imple  

s h e a r  f i e l d  on t h e s e  e l l i p s o i d s  i s  examined here .  

A s  a  f i r s t  approximation then ,  long  molecules i n  a  f l u id .  

w i l l  be  assumed t o  be  e l l i p s o i d s  w i t h  d i f f e r e n t  p r o p e r t i e s  t han  

t h e  f l u i d  i n  which they  a r e  conta ined .  These e l l i p s o i d s  w i l l  be 

assumed randomly d i s p e r s e d  i n  a  media and f r e e  t o  r o t a t e  and 

t r a n s l a t e  under t h e  i n f l u e n c e  of  e l e c t r i c a l  o r  mechanical  f o r c e s .  

The f low geometry of F i g u r e  ( 8 )  w i l l  b e  assumed w i t h  t h e  pro- 

p e r t i e s  of t h e  f l u i d  des igna t ed  w i t h  s u b s c r i p t  " s "  and t h a t  of  

t h e  e l l i p s o i d s  w i t h  a  s u b s c r i p t  "p" . 
For a  rand-om d i s p e r s i o n  o f  e l l i p s o i d s  ( a  suspens ion  a t  r e s t  

i n  t h e  absence of a  d i s t u r b a n c e )  t h e  d i e l e c t r i c  c o n s t a n t  has 

been shown (14) t o  be  approximated by t h e  equa t ions  

and 

where 

2 - abc La 
X = a abc La 



where a ,  b, and e a r e  the l e n g t h s  of t h e  e l l i p s o i d  axes ,  

These equa t ions  can he  reduced - t o  t h e  d i e l e c t r i c  c o n s t a n t  

f o r  an a l i g n e d  suspension by r e p l a c i n g  6 / 3  by 6 ,  and removing 

t h e  summation s i g n .  For example, f o r  t h e  d i e l e c t r i c  c o n s t a n t  

of a  suspens ion  a l i g n e d  w i t h  t h e  a  a x i s  i n  t h e  d i r e c t i o n .  o f  t h e  

a p p l i e d  f i e l d ,  

We a r e  concerned i n  t h i s  r e s e a r c h  w i t h  t h e  d i e l e c t r i c  

c o n s t a n t  of a suspens ion  i n  which t h e  e l l i p s o i d s  a r e  i n  motion 

produced by a  f i e l d  ( i n  p a r t i c u l a r  a s imple  mechanical  s h e a r  

f i e l d )  . 
S i m i l a r  equa t ions  w i t h  a  r ep l aced  by b  o r  c  r e p r e s e n t  t h e  

d i e l e c t r i c  c o n s t a n t  of a  s o l u t i o n  w i t h  t h e  a-xes b  o r  c  a l i g n e d  

w i t h  t h e  f i e l d .  These q u a n t i t i e s ,  de s igna t ed  K a '  I$, and Kc ,  

g i v e  t h e  p r i n c i p l e  d i e l e c t r i c  c o n s t a n t s  of a  suspension of  

uniform e l l i p s o i d s .  The v a r i a t i o n  o f  t h e  p r i n c i p l e  d i e l e c t r i c  

c o n s t a n t s  Ka and Kb i f  t h e  d i e l e c t r i c  c o n s t a n t  of t h e  p a r t i c l e  

(Kp) i s  assumed t o  be  zero i s  shown i n  F igu re  9 f o r  a  p a r t i c l e  

d e n s i t y  of 0 . 5  a s  a  f u n c t i o n  of t h e  a x i s  r a t i o  r=a/b .  I'o f i n d  

t h e  d i e l e c t r i c  c o n s t a n t  a t  any a n g l e  t o  t h e  p r i n c i p l e  axes  

t h e  d i e l e c t r i c  c o n s t a n t  i s  assumed t o  be  a  second o rde r  t e n s o r  

which t ransforms  according t o  t h e  t e n s o r  r e l a t i o n  



where t h e  a i j  r e p r e s e n t  t h e  c o s i n e s  o f  t h e  angles between 

t h e  o r i g i n a l  axes  and t h e  new a x e s .  I n  t h i s  c a s e ,  
the a i j  

r e p r e s e n t  t h e  c o s i n e s  o f  t h e  a n g l e s  between t h e  axes  o f  t h e  

e l l i p s o i d  and t h e  a p p l i e d  f i e l d .  

U t i l i z i n g  t h e  t e n s o r  p r o p e r t y  o f  t h e  d i e l e c t r i c  c o n s t a n t ,  

1 t h e  d i e l e c t r i c  c o n s t a n t  i n  t h e  d i r e c t i o n  o E  t h e  x a x i s  i s  
3  

S e t t i n g  K 2 2  = K j 3  ( f rom symmetry) and u s i n g  t h e  g e o m e t r i c a l  

r e l a t i o n s  

and 

a  = c o s  8  
31 3  

t h e n  

a  2 + a  = 1 - c o s  2  
32 33 O3 

and 

S i m i l a r l y  

and 

= K c o s 2  O 4- Kb (1 - c o s  2 
K~ 1 a 1 1 ) (13) 

These t h r e e  e q u a t i o n s  d e f i n e  t h e  d i e l e c t r i c  c o n s t a n t  o f  a  s u s -  

p e n s i o n  i n  which t h e  e l e c t r i c  f i e l d  i s  i n  t h e  di . rect . ion o f  one  

of  pr ime axes  i n  te rms of t h e  p r i n c i g l e  d i e l e c t r i c  c o n s t a n t s  

and t h e  c o s i n e  of  t h e  a n g l e  between t h e  a x i s  of  s y m e t r y  and 



and t h e  d i r e c t i o n  of t h e  f i -e ld ,  

The d i e l e c t r i c  c o n s t a n t  i s  then  ob ta ined  by proper  

averaging a s  a  f u n c t i o n  of a n g l e  of t h e  e l l i p s o i d s  t o  t h e  

app l i ed  e l e c t r i c  f i e l d .  (See Appendix A ) .  

The r e s u l t s  of t h i s  a n a l y s i s  may be  summarized by t h e  

fo l lowing  d . iscuss ion and equa t ions .  

The d i e l e c t r i c  c o n s t a n t  of  a  sheared  suspens ion  i n  t h e  

t h r e e  d i r e c t i o n s  xl' , x2 '  , x ' may be  r ep re sen ted  by t h e  
3 

equa t ions  

The v a r i a t i o n  which can be  produced by a  s h e a r  f i e l d  i s  
- 

summarized i n  F i g u r e  ( 1 0 )  where t h e  s h e a r  f a c t o r s  F I, F 2 t  and 

- 
F a r e  shown a s  a  f u n c t i o n  of t h e  e l l i p s o i d a l  a x i s  r a t i o  r .  

3 

Since  t h e  f a c t o r  F is 0 . 5  (Equation A 5 ,  Appendix A )  when t h e  

suspension i s  randonly o r i e n t a t e d  ( i . e . ,  when t h e  suspens ion  

i s  d i s p e r s e d  due t o  Brownian mot ion ) ,  t h e  v a r i a t i o n   fro^ t h i s  

va lue  w i t h  s h e a r  r e p r e s e n t s  t h e  magnitude of t h e  e f f e c t .  I f  

we a r e  concerned w i t h  long molecules ( p r o l a t e  e l l i p s o i d s )  where 

r >>  1 it i s  c l e a r  t h a t  s l i g h t  v a r i a t i o n  w j t h  s h e a r  occurs  i n  

t h e  d i r e c t i o n  pe rpend icu la r  t o  s h e a r  p l anes  (P3). The maximum 

v a r i a t i o n  occu r s  a3ong t h e  shea r  p l a n e s  i n  t h e  d i r e c t i o n  of 

t h e  shear (Fl) . For c o n t r o l  of p r o p e r t i e s  by  a shea r  f j e l d  



t h e  max.i_murn response can be ohta-inecl ( f o r  r > >  1) by motion 

i n  t h e  x9 d i r e c t i o n  and obse rva t ion  i n  t h e  same d i . rec t ion .  1 

I f  t h e  c o n t r o l  i s  provided by a  sandwich t h e  p l a t e s  should 

be  moved p a r a l l e l  t o  each o t h e r  and t h e  obse rva t ion  made a s  

shown i n  F i g u r e  ( 1 1 , a ) .  The o t h e r  a l t e r n a t i v e  i s  t o  v i b r a t e  

a p l a n e  pe rpend icu la r  t o  t h e  sandwich and observe  a s  shown 

i n  F i g u r e  ( S 1 , b ) .  I f  we a r e  concerned w i t h  a  f l u i d  w i t h  ob- 

l a t e  p a r t i c l e s  ( o r  d i s c s  w i t h  [ r  << I ] ) ,  t hen  t h e  response  

w i l l  depend upon t h e  d i r e c t i o n  of  obse rva t ion .  The e f f e c t  

i s  much g r e a t e r  f o r  o b s e r v a t i o n  i n  t h e  x and x2 d i r e c t i o n s  
3 

t h a n  f o r  p r o l a t e  sphe ro ids ,  I f  a  cho ice  of form of t h e  

p a r t i c l e s  i s  p o s s i b l e  t hen  o b l a t e  sphe ro ids  have a  c l e a r  

advantage from t h e  c o n t r o l  o r  d e t e c t i o n  p o i n t  of view. For  

l i q u i d  c r y s t a . 1 ~  we do no t  have t h i s  cho ice ,  i f  t h e  molecules  

a r e  approximatable* by long p r o l a t e  e l l i p s o i d s .  I n  t h i s  

c a s e  t h e  b e s t  a l t e r n a t i v e  a t  p r e s e n t  i s  t h e  system shown 

i n  F i g u r e  ( 1 2 ) .  

* NOTE: When t h e s e  molecules a c t  a s  "swarms" r a t h e r  t h a n  
i n d i v i d u a l l y  t hen  t h e  o b l a t e  c o n f i g u r a t i o n  may help i n  
p r e d i c t i n g  t h e i r  optical behavior  a l s o ,  



Discussion of  R e s u l t s  and Conclusions 

Index of r e f r a c t i o n  changes of approximately 5 pe rcen t  

have been produced by s imple  s h e a r  of nematic l i q u i d  c r y s t a l s  

i n  t h e  l a b o r a t o r y .  This  change i n  magnitud.e i s  no t  considered. 

s u f f i c i e n t  f o r  t h e  purposes  o u t l i n e d  i n  t h i s  r e p o r t  a l though  

it i s  an  ?!order of  magnitude" l a r g e r  t h a n  s o l i d  index  of r e -  

f r a c t i o n  changes p o s s i b l e .  F u r t h e r  exper imenta t ion  i s  i n d i -  

c a t e d  t o  p rov ide  o p t i m i z a t i o n  of t h e  e f f e c t s  observed.  This  

would i n c l u d e  v a x i a t i o n  of t h e  f i l m  t h i c k n e s s  and t h e  d i s p l a c e -  

ment o r  s h e a r  r a t e  t o  i n c l u d e  a  n o n - s y m e t r i c a l  d r i v i n g  s i g -  

n a l .  (That i s  a  s i g n a l  whose r i s e  t i m e  d i f f e r s  from i t s  

r e t u r n  t i m e ) .  L i g h t  s c a t t e r i n g  which i s  d e t r i m e n t a l  t o  t h e  

purpose of t h i s  work a l s o  appears  t o  be a  more d i f f i c i ? l t  

problem then  expected.  The s o l u t i o n  t o  t h i s  problem appears  

t o  be o p e r a t i o n  w i t h  sma l l e r  displacements t h e n  o r i g i n a l l y  

planned. Displacements need now t o  be  measured t o  substan-  

t i a t e  t h i s  expec t a t i on .  

The t h e o r e t i c a l  model p resen ted  has  i l l u s t r a t e  t h e  import-  

i n g  of  one d e s i g n  paramet.er, ( t h e  d i r e c t i o n  of o s c i l l a t i o n )  

on  t h e  p h y s i c a l  e f f e c t .  I t  has f a i l e d  however t o  t a k e  i n t o  

account t h e  exper imenta l  v a r i a t i o n  of index w i t h  s h e a r  r a t e  

o r  t h e  e f f e c t  of frequency on t h e  i-ndex of r e f r a c t i o n .  These 

e f f e c t s  which a l s o  l e a d  t o  t h e  s c a t t e r i n g  observed. must be  

examined by r ecour se  t o  a changed model which in&]-ud.es the 

rotational inertia of the f l u i d  p a r t i c l e s  and the interaction 

of i n d i v i d u a l  p a r t i c l e s  i n  producing l i g h t  s c a t t e r i n g .  



The i n t r o d u c t i o n  of  an  o s c i l l a t o r y  shea r  and ' i t s  e f  r 'ect 

on t h e  f l u i d  a r e  f i r s t  t o  be  examined through t h e  use of  per-  

t u r b a t i o n  techniques .  A s h e a r  of t h e  form G + ge i w t  i s  t o  be  

in t roduced  and t h e  r e s u l t a n t  e f f e c t s  observed through sepa ra -  

t i o n  of o s c i l l a t o r y  and s t e a d y  s t a t e  con~ponents. 

The c a l c u l a t i o n  of  t h e  magnitude of  t h e  e f f e c t  a s  p re -  

d i c t e d  compared. t o  t h e  exper imental  r e s u l t s  i s  no t  p o s s i b l e  

a s  y e t  s i n c e  t h e  d i e l e c t r i c  c o n s t a n t  o r  t h e  e q u i v i l a n t  e l l i p -  

s o i d a l  r a t i o s  of t h e  l i q u i d  c r y s t a l s  a r e  unknown. I f  t h e  model 

i s  s u f f i c i e n t  however t h e  model might be  used t o  c a l c u l a t e  

t h e s e  f a c t o r s  from t h e  exper imental  r e s u l t s .  This would a l s o  

a s s i s t  i n  determining p a r t i c l e  s i z e s  f o r  1 o t h e r  a p p l i c a t i o n  such 

a s  d i s p l a y  dev ices  and f i e l d  v i su i3 l iza t ion  techniques .  F u t u r e  

t h e o r e t i c a l  a n a l y s i s  should a l s o  i n c l u d e  c o n s i d e r a t i o n  o f  t h e  

models of s elf rich"^' which a t tempt  t o  account  f o r  t h e  s c a t -  

t e r i n g  e f f e c t s  i n  t h e s e  m a t e r i a l s .  

Index of r e f r a c t i o n  v a r i a t i o n  has t h u s  been observed and 

p r e d i c t e d  by a  t h e o r e t i c a l  model i n  a  s imple  shea r  f low e l e -  

ment us ing  nematic l i q u i d  c r y s t a l s  a s  a  media. 

The use  of t h e s e  m a t e r i a l s  t o  c o n t r o l  focus  i s  p o s s i b l e  

b u t  has no t  a s  y e t  been proven f e a s i b l e .  There a r e  g e n e r a l  

consid .era t ions  which need t o  be  examined b e f o r e  t h e  d e s i g n  

of  a u s e f u l  focus  c o n t r o l  dev ice .  

1) , P r a c t i c a l  consi-derat ions  of containment and tempera ture  

c o n t r o l  as w e l l  a s  element c o n f i g u r a t i o n  must be so lved ,  

2 ) .  S c a t t e r i n ?  e f f e c t s  must be minimized by more c a r e f u l  

exper imenta t ion  t o  examine t h e  s c a t t e r i n g  mechanisms 



and t h e  limits of amplitude and frequency as w e l l  

a s  materials. 

3 ) .  Comparison w i t h  e l e c t r i c a l  f i e l d  index  changes ( i f  

p r e s e n t ) ,  must a l s o  be  a t tempted t o  demons t ra te  

t h e  advantages  of each technique.  

4 1 .  The focus  c o n t r o l  mechanism of t h e  eye i s  poor3.y 

unders tood.  I f  an  augmentation scheme i s  t o  b e  

s u c c e s s f u l  exper imenta l ly  a  dev ice  must b e  designed 

t o  p rov ide  an unders tanding of t h i s  c o n t r o l .  

51. Experimental  s t u d i e s  of response speeds  f o r  human fo-  

cus  a r e  very incomplete .  The c o n s t r u c t i o n  of  an  op- 

tometer  f o r  measurements and perhaps t h e  u se  of  li- 

q u i d  c r y s t a l  elements i n  t h i s  optometer  could Fro- 

v i d e  t h i s  in format ion .  

The d e t r i m e n t a l  e f f e c t s  of  poor focus  o r  slow focus  

a b i l i t y  on t h e  p a r t  of  people  d r i v i n g  automobi les  

o r  a i r c r a f t  f o r  example i s  s o  f a r  unknown. S t u d i e s  

on t h i s  a s p e c t  could prove v a l u a b l e  i n  p rov id ing  

measurements of human performance c a p a b i l i t i e s .  
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APPENDIX A 

CALCULATION OF THE DIELECTRIC CONSTANT O F  A SUSPENSION OF 

SYIvl?/IETRIC FiLLIPSOIDS I N  A SIMPLE- SHEAR FLOW. 

Flow Analysis  -. 

I n  sheared suspensions  a t  s t eady  s t a t e  i n  c o u e t t e  f lows 

t h e  motion of e l l i p s o i d s  has  been mathemat ical ly  desc r ibed  by 

Jef f r e y s  111 and exper imenta l ly  v e r i f i e d  by Mason [2 ,31  These 

d e s c r i p t i o n s  g i v e  t h e  motion i n  terms of t h e  ang le s  I$ and X 

shown i n  F i g u r e  (81  i n  t h e  bodv of t h e  r e p o r t .  I f  s t e a d y  

s t a t e  i s  assumed, t hen  i n  r o t a t i o n a l  d i f f u s i o n  t h e  p r o b a b i l i t y  

d e n s i t y  f u n c t i o n s  f o r  d i s t r i b u t i o n  i n  t h e  ang le s  I$ and X a r e  

i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  angula r  v e l o c i t y  w of  t h e  par -  

t i c l e s .  Hence 

cons t 
p ( $ )  = 

MI$ 
cons t 

P(X) = 
wX 

Now given t h a t  t h e  p a r t i c l e  i s  o r i e n t a t e d  somewhere i n  t h e  f i e l d  



t h e  c o n d u c t i v i t y  i n  a g i v e n  d i r e c t i o n  may be t h e n  found as 

1 
I f  t h e  p a r t i c l e s  a r e  randomly d i s t r i b u t e d  t h e n  p ( $ )  = - 2TT 

1 and p(X) = - . From geometry t h e  a n g l e  O 3  c a n  b e  w r i t t e n  i n  
'IT 

t e r m s  of  4 and X s i n c e  

2 - 2 
c o s  t a n  X 

@3 - 2 t a n  $ 

Then 

Given t h e  random uniform d i s p e r s i o n  o f  e l l i p s o i d s  t h e  

d i e l e c t r i c  cons t -an t  measured w i l l  b e  assumed t o  b e  Fr g i v e n  

by t h i s  e q u a t i o n .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  d i e l e c t r i c  

c o n s t a n t  of  a  s u s p e n s i o n  o f  a x i a l l y  symmetric  e l l i p s o i d s  

which a r e  un i fo rmly  d i s p e r s e d  a t  random o r i e n t a t i o n s  i s  t h e  

a v e r a g e  of  t h e  d i e l e c t r i c  c o n s t a n t  when a l i g n e d .  T h i s  is 

independen t  of  whether  they a r e  o b l a t e  or p r o l a t e  e l l i p s o i d s ,  

T h i s  a v e r a g e  q u a n t i t y  which j-s easily measured c a n  be  used 

f o r  d e t e r m i n i n g  t h e  shape  of  p a r t i - c l e s  and f o r  est j .matin<j  



K and I(. a n d  hence t h e  r e l a t i v e  d . i ~ ~ e n s i . o n s  of  pa r t r i c l e s ,  
a  b 

I n  a  s h e a r  f l o w  t h e  p a r t i c l e s  a r e  no t  randomly d i s t r i b u t e d  

i n  o r i e n t a t i o n  and do n o t  r o t a t e  a t  a  c o n s t a n t  angula r  

v e l o c i t y .  The c a l c u l a t i o n  of t h e  d i e l e c t r i c  c o n s t a n t s  t h e n  

r e q u i r e s  a knowledge o f  t h e  d i s t r i b u t i o n  p r o b a b i l i t i e s  pC$J 

and p(X) .  These p r o b a b i l i t i e s  can be  c a l c u l a t e d  from J e f f r e y s  

a n a l y s i s  by us ing  t h e  r e l a t i o n  between t h e  angles  o r  o r i e n t a -  

t i o n  and t h e  o r b i t  c o n s t a n t  C f o r  a  p a r t i c l e :  

t a n  = 
r e  

(A6 1 
2  1 / 2  

(re cos2  Q + s i n  $1 

where re i s  t h e  a x i s  r a t i o  of t h e  e l l i p s o i d  of r e v o l u t i o n .  

The c o n s t a n t  C o f  t h e  o r b i t  i s  determined. by t h e  ang le  a t  

which t h e  a x i s  of  t h e  e l l i p s o i d  i s  o r i e n t e d  t o  t h e  p l ane  

of s h e a r ;  i t s  d i s t r i b u t i o n  i n  a  random d i s p e r s i o n  would 

be  uniform. I n  a  s h e a r  s i t u a t i o n  t h e r e  i s  no t h e o r e t i c a l  

reason ,  i n  t h e  l i m i t  of  Stokes  f low, t h a t  t h i s  w i l l  change. 

The c o n d u c t i v i t y  f o r  a  f i x e d  o r b i t  c o n s t a n t  C may t h e n  be  

c a l c u l a t e d  a s  fol lows:  

I f  t h e  e f f e c t  of Brownian motion on t h e  p a r t i c l e  d i s t r i b u -  

t i o n  i s  neg lec t ed ,  then  i n  t h e  s t eady  s t a t e  

c o n s t  
p  (0) = 

u@ 



The angular velocity 91 particles in Couette shear flow 

( d e r i v e d  t h e o r e t i c a l l y  by J e f f r e y s  u s i n g  S t o k e s  f low a p p r o x i -  

m a t i o n s )  may b e  expressed.  f o r  t h e  s h e a r  f l o w  shown i n  F i g u r e  

1 i n  t h e  body o f  t h e  r e p o r t  as: 

L " (Te 
- 

W - - - s i n  202 s i n  2( (A7a) 
O2 4 (re + 1) 

f o r  a  symmet r i ca l  e l l i p s o i d .  Using t h e  c o n d i t i o n  from 

E q u a t i o n  ( A l )  t o g e t h e r  w i t h  Equa t ion  (A'7b) g i v e s  

I 
e ~ ( ( $ 1  = - 2  2 (A81 

27r(re2 c o s  ( + s i n  $1 

L e t  u s  f i r s t  c o n s i d e r  t h e  d i e l e c t r i c  c o n s t a n t  i n  t h e  X 1 
2  

d i r e c t i o n  ( p a r a l l e l  t o  s h e a r  p l a n e s ,  p e r p e n d i c u l a r  t o  t h e  

f l o w ) .  

From Equa t ion  (8bl 

t h i s  c a n  b e  e x p r e s s e d  a s  a  f u n c t i o n  o f  t h e  a n q l e  $ by u s i n q  

Equa t ion  ( A 6 )  e x p r e s s e d  i n  t h e  form: 



I -- 
Then ?or fixed C the dielectric constant K 

22 
can be ex- 

pressed as 
2-K 

I n t e g r a t i n g  us ing  p ( $1 from Equation (38 )  g ives :  

The average d i e l e c t r i c  c o n s t a n t  f o r  a  suspens ion  w i t h  o r b i t s  

d i s t r i b u t e d  wi th  a  p r o b a b i l i t y  d i s t r i b u t i o n  p ( C )  can be found a s  

a3 

where 

l Similarly the di.electric constant in t h e  X di-rection can 
3 

be found f r o m  t h e  r e l - a t i ons  



2 n t  tan @ = r ta.ra - 
e T (211 2 

and 

2 r t  t a n  h = C r e  s i n  - 
T (A131 

(T  i s  t h e  pe r iod  of r e v o l u t i o n  of a p a r t i c l e ) :  

2  
By s o l v i n g  f o r  t a n 2  h i n  terms of  t a n  $I , t a n 2  h may be 

shown t o  be  equa l  t o  

2 
2 (CreI2 t a n  4 

t a n  h = 
2  

( C r e )  + t a n  4 

Now from geometry 

then  

and 
cn 

5 3  
ac = K t (Ka - K )F- p ( C 1  -- 

l a c  b b 3 

(A191 



E The dielectric constant in iske X -  d.i-rection is found using 
1 

the r e l a t i o n s  

1 
= Kb + ( K a  - Kb)  COS 

2 
K1 1 O1' 

From geometry 

cos  O1 = cos O 2  t a n  h 

Then us ing  Equat ion (249) f o r  O 2  and Equation (A14) f o r  t a n  A 

I n t e g r a t i n g  w i t h  p ( 4 )  from Equat ion (38 )  g ives :  

2 
[ (re2-1) cos $+ l ]  [ ( C r J  2 s i n 2 @ ]  p  ( $ )  d@ 

where 

K1 1 = Kb + (Ka - Kb) 2 2  2  
[ ( C r e )  + (re2-1) cos ++I] [(Cre) '-1) cos $+11 

C 0 



Since  K and Kb a r e  independent  of C and a  p(C1 = 1, 
d 

t h i s  may be  w r i t t e n  a s  0 

where 

The e v a l u a t i o n  of  t h e  d i s t r i b u t i o n  p(C) of t h e  o r b i t  c o n s t a n t  

f o r  a suspens ion  i s  n e x t  r e q u i r e d  t o  de te rmine  t h e  d i e l e c t r i c  

c o n s t a n t .  The parameter  C may range from 0 t o  a. C = 0 

corresponds t o  t h e  s y m e t r i c  a x i s  of t h e  e l l i p s o i d  being 

pe rpend icu la r  t o  t h e  s h e a r  p l a n e s  and C = a corresponds t o  

t h e  symmetry a x i s  of t h e  e l l i p s o i d  r o t a t i n g  i n  t h e  p l a n e  o f  

t h e  flow which corresponds t o  t h e  e l l i p s o i d  having t h e  a n g l e  

€I2 = 9 0 " .  

No t h e o r e t i c a l  p red . ic t ion  of t h e  d i s t r i b u t i o n  of C w i t h  

flow r a t e  has  been made. Two hypotheses have been proposed,  

however. 

P, J e f f r e y s  assumed t h a t  t h e  e l l i p s o i d s  would e v e n t u a l l y  

r o t a t e  i n  such a  way a s  t o  minimize t h e  energy d i s s i -  

p a t i  o n ,  Thi-s theory predicts that 

p(C) = E for C = 0 



All the ellipsoids \.m-uld be alligned with their 

s y m . e t r i c a l  axes  pe rpend icu la r  t o  t h e  s h e a r  p l anes  

i f  a/b < 1 o r  p a r a l l e l  t o  t h e  shea r  p l anes  i f  a/b > 1. 

The c o n d u c t i v i t y  w i t h  t ime ac ros s  s h e a r  p l a n e s  would 

a a approach Ka w i t h  < 1 o r  Kb w i th  > 1 us ing  t h i s  6 
assumption. 

2. E i s e n s h i t z  [ 4 1  assumed t h a t  p  ( C )  remained t h e  same 

whether a t  r e s t  o r  i n  motion, s o  t h a t  every  o r b i t a l  

c o n s t a n t  C was e q u a l l y  probable .  

S tnce  it h a s  been demonstrated t h a t  J e f f r e y s '  

hypotheses  i s  no t  c o r r e c t ,  we w i l l  assume a  uniform d i s t r i -  

b u t i o n  o f  t h e  o r b i t a l  c o n s t a n t  ( 2 r 3 )  ( t h e  E i s e n s c h i t z  assumpt ion) .  

I n  t h i s  c a s e  t h e  p r o b a b i l i t y  t h a t  a  p a r t T c l e  a x i s  i s  between 

C = 0 and C i s  

S u b s t i t u t i n g  Equation ( A 7 )  i n t o   quat ti on ( A 2 2 )  g i v e s  

1 - r 2 - 1  e 2 

P(C) = 1 - - 2 
s i n  $ r2 d$. (A23) 

r e 

2 r 2 - 1  
1 + C  - e 2 

2 s i n  + 
r 

e 

dP(C) is Since the probability density distribution p ( C )  E -- 
clc 

needcd, differentiation gi-ves 



'TT - L/2 
2 

2 
P ( C )  = - C --- 

n 2 3 / 2  \ - 
i l + c ]  r Z - 1  e 3 / 2  

s in2,)  
r 2 ( 1  + c2) 4 ( A 2 4 1  e 

This  equa t ion  i s  of t h e  form of an e l l i p t i c  i n t e g r a l  i f  t h e  

c o e f f i c i e n t s  of  t h e  s i n 2  $ t e r m s  r ange  between 0 and 1. For 

r < 1 t h i s  i s  n o t  t r u e  and a  change i n  form must t h e r e f o r e  
e 

be made. F i r s t  t h e  numerator i s  expanded a s :  

Changing t h e  v a r i a b l e  by l e t t i n g  4 = - v - $ gives :  
2 

This  i s  a complete e l l i p t i c  i n t e g r a l  of t h e  second kind.  
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F i g u r e  1, Accornodation o f  t h e  human eye  a s  a  f u n c t i o n  of a g e .  (1). 
Curves A and C a r e  p h y s i o l o g i c a l  l i ~ i t s  and B i s  t h e  normal .  



Fig .  2 : Photo of experi inental  t e s t  
appara tus  fo r  determinat ion of index 
of r e f r a c t i o n  change i n  l i q u i d  cry- 
s t a l s  wi th  l i n e a r  shear .  

F i g .  3 :  Photo of experirnenlal piezo 
electrj c s h e a r  wave gcnerstion cell. 



Fig.  4: Photo of s c a t t e r i n g  wi th  
s h e a r  of Buty l  p. (p-Ethoxyphenoxy 
carbonyl)  c a ~ b o n a t e  (251.i l a y e r  be- 
tween g l a s s  p l a t e s  ). 

Fig. 5 :  Photo sf optical transpar- 
cllcy of Bu-t-yl. p (p--Ethoxyphonoxy car- 
bonyl)  carbonate w i t h  molecules a l i g ~ s e d .  
Sane conf igura t ion  as Figure 9 .  



Fig.  6 :  Response of BPEOC t o  s t e p  i n  shea r  
r a t e .  A t  t h e  l e f t  i s  optical-ly t r ansparen t  
response w2th mate r i a l  a t  r e s t .  A t  t h e  r i g h t  
is  oyti.cal1.y opaque s c a t t e r e d  l i g h t  response. 
Horizontal  scale is  0.2 milliseconds/cm. 

Fig 7 : Fcsl>o;>'-e of t:l'i [DC To a s+cp c h c ~ n ~ e  in 
s h e w  Gverjuency froit1 133 IIz to 1OClO fiz. Optical 
trsnzparency chanzes f r o m  o p ~ q a e  on the pCt to 
trat?sparent on the r i g h t .  M o r i z ~ n t a l  scale is 
10 miiliscc/c:n. 



Pig .  8 C o o r d i n a t e  G e o n e t r y  f o r  an E l l i p s o i d  o f  
R e v o l u t i o n  i n  a S h e a r  Flow 



B F i g .  9 T h e o r e t i c a l  v a r i a t i o n  of t e p r i n c i p a l  d i e l e c t r i c  
constant of symnetr i .ca1 e 1 L i p s o i . d ~  i n  s u s p e n s i o n  
as a f u n c t i - o n  of t h e  axj .s  r a t i o  r = a/b.   he 
volume d c n s i t v  sho:,.:n i s  < = 0 . 5 .  



Fig .  1 0  Compute2 t h e o r e t i c a l  conduc t iv i ty  f a c t o r s  f o r  
c o n d u c t i v i t y  as a f u n c t i o n  of  t h e  e l l i - p s o i d  
ax i s  r a t i o  r = a/b. 



observation 

Fig. (lfa) 

observat ion 

Fig. ( l l b )  

F i g .  I:! 


